Abstract-In this paper, we propose a new optimization-based access strategy of multi-packet reception (MPR) channel for multiple secondary users (SUs) accessing the primary user (PU) spectrum. We devise an analytical model that realizes the multipacket access strategy of the SUs. All the network receiving nodes have MPR capability. We aim at maximizing the throughput of the individual SUs subject to the PU's queue stability. Moreover, we are interested in providing an energy-efficient cognitive scheme. Therefore, we include energy constraints on the PU and SU average transmitted energy to the optimization problem. Each SU accesses the medium with certain probability that depends on the PU's activity, i.e., active or inactive. The numerical results show the advantage in terms of SU throughput of the proposed scheme over the conventional access scheme, where the SUs access the channel randomly with fixed power when the PU is sensed to be idle.
I. INTRODUCTION
Cognitive radio networks (CRN) have been a hot area of research for a decade due to its opportunistic, agile and efficient spectrum utilization merits [1] - [3] . Cognitive radios, in the literature, promote three methods of sharing the spectrum with the primary user (PU); namely, overlay, underlay and interweave schemes [4] . Under collision wireless channel model, the authors of [5] , [6] studied the stability of multiple access slotted ALOHA systems. The authors used the concept of dominant systems to characterize the stability region and provide sufficient and necessary conditions for stability of the system. Time is slotted and each node randomly accesses the channel. In [7] , the authors investigated the stability region, capacity and throughput for multiple access ALOHA systems.
In [8] , Sadek et al. investigated the stability region of a network composed of a cognitive relay that aids multiple nodes for the transmission of their packets to a common destination. The proposed cooperative protocols enable the relaying node to aid the transmitters operating in a time-division multiple access (TDMA) network in their periods of silence due to source burstiness. In [9] , El-Sherif investigate the stability region of a network composed of multiple relays that cooperate in forwarding the traffic of multiple PUs during their periods ‡ Both authors contributed equally to this work. of silence in the presence of multiple secondary nodes. The authors consider two secondary access scenarios which give inner and outer bounds on the system performance. Under the first scenario, the secondary users (SUs) know with certainty the activity of both the PUs and the relays in each time slot, thereby remaining silent when any of them is active. Under the second scenario, the relays and the SUs randomly access the channel in every time slot and thus transmissions may collide. Consequently, packet loss may occur. In [10] , the authors propose two order cognitive access schemes which differ in terms of the required coordination between the secondary terminals. Under the proposed schemes, the secondary terminals are ordered in terms of channel accessing. The proposed protocols are studied from the network layer point of view with a collision-based wireless channel model.
In [11] , Ghez et al. introduced a generalized channel model with multi-packet reception (MPR) capability for slotted ALOHA systems where receivers are capable of decoding under interference. The authors investigated the stability of the system compared to the collision channel model. The authors of [12] studied the impact of MPR capability on stability and delay of slotted ALOHA-based random access systems. The stability region is characterized using dominant systems approach. In [13] , Kompella et al. characterized the stablethroughput region of an SU sharing the channel with a PU. The PU has unconditional access to the channel, while the SU transmits its packets with some access probability that changes based on the primary queue state. Precisely, if the PU is inactive, the SU accesses the channel unconditionally, and if the PU is active, the SU accesses with some adjustable probability. The channel sensing process is assumed to be perfect. In [14] , the authors investigated a cognitive setting with one PU and one rechargeable SU. The SU randomly accesses and senses the primary channel and can possibly leverage the primary feedback channel. Receivers are capable of decoding under interference as they have MPR capability. The authors investigated the maximum secondary throughput under the PU's queue stability and a queueing delay constraint on the primary packets delivery. In [15] , the SU randomly accesses the channel at the beginning of the time slot to exploit the MPR capability of the receiving nodes. The SU aims at maximizing its throughput under PU's queue stability and a certain queueing delay requirement for the PU.
Energy-efficient protocols are of a great importance currently due to the huge demand on applications and communi-cations of limited energy. In this paper, we focus on energyefficient and power-limited communication systems; hence, we consider a cognitive scheme that matches our interests in studying both the PU and SUs energy and interference effects as explained later. Using cognitive networks in the field of "Green Communications" was introduced earlier by [16] . An overview of energy-efficient wireless communications and new protocols can be found in [17] . The authors of [18] discussed the energy-efficient relay selection techniques in a cooperative heterogeneous radio access network. Fundamental trade-offs and challenging problems regarding green communications are explained in [19] .
In this paper, we devise a new model that captures energy efficiency and throughput optimization. Our contributions can be summarized as follows:
• We propose a new access scheme that maximizes the throughput of individual SUs under the stability of the PU's queue and certain limits on the transmission powers of the SUs and PU.
• We show that the SUs throughput increase via controlling the optimization variables.
• We conduct a comprehensive study to show the effect of the system parameters on both throughput maximization and power efficiency from a design perspective. The rest of the paper is organized as follows. The system model is presented in Section II. The throughput analysis is provided in Section III. We perform the optimization problem in Section IV. Numerical results are presented in Section V. Finally, we conclude our work in Section VI.
II. SYSTEM MODEL We consider a single primary link and M s secondary links sharing one frequency channel as shown in Fig. 1 . Time and channel are slotted. Each time slot is T seconds in length. The PU has a total transmission bandwidth of W Hz. The primary transmitter has a buffer (queue) Q p modeled as Geo/Geo/1 queueing system. The arrivals at the primary queue are assumed to be independent and identically distributed (i.i.d) Bernoulli random variables with stationary mean λ p ∈ [0, 1] packets per time slot. We adopt a late-arrival model for the primary queue, where a packet cannot be served in the arrival time slot even if the queue is empty. Each secondary transmitter has a buffer for storing its arrived packets, denoted by Q j , j ∈ {1, 2, . . . , M s }. The SUs are assumed to be saturated (always backlogged) with data packets, i.e., each SU has a data packet to send every time slot. All buffers of the system have infinite capacity [8] , [13] , [15] .
We assume that the SUs sense the medium perfectly each time slot to detect the activity of the PU as in [13] and the references therein. This assumption is practically valid if the channel sensing duration is long enough to guarantee negligible sensing errors which is the case we have. All SUs randomly access the medium every time slot with certain access probability that changes based on the state of the sensed PU. Typically, if the medium is sensed to be idle, the j th SU accesses the medium with probability a In the figure, p, s j , pd and sd j denote the PU, the j th SU, the primary destination and the j th SU's destination, respectively.
2 . Note that since the interference increases when the PU is active, the access probability a
2 . The basic idea of our proposed scheme relies on the fact that if all users or a group of them simultaneously transmit a packet, the receivers still can decode the packets with a non-zero probability. This occurs due to the availability of the MPR capability at the receiving nodes.
For the simplicity of our presentation, we assume that all SUs are symmetric (a similar assumption is found in the literature, e.g., [9] ). This implies that all channels have similar distribution for channels and all SUs transmit with the same power levels and access the channel with equal access probabilities. Specifically, the statistics of the channel gains for all SUs are equal. Moreover,
The SUs are energy-aware nodes that aim at efficiently expending their energy to maximize their performance and to satisfy certain quality of service (QoS) requirements for the PU. The SUs sense the medium for τ seconds from the beginning of each time slot to determine the state of the PU. If a terminal transmits during a time slot, it sends exactly one data packet whose length is b bits. Accordingly, the transmission rate of a secondary terminal isr s = b/(T −τ )/W bits/sec/Hz. The PU accesses the channel unconditionally at the beginning of the time slot if its queue is non-empty; hence, the primary transmission rate isr p = b/(T W ) bits/sec/Hz. The transmit power of the PU is γ p Watts/Hz.
We assume block Rayleigh fading channels, where the channel gain from node n 1 to node n 2 , denoted by h n1,n2 , is assumed to be fixed during one slot, but changes from time slot to another according to exponential distribution with mean 1/δ n1,n2 . Let p, s j , pd and sd j denote the PU, the j th SU, the primary destination and the j th SU's destination, respectively. The set of transmitters is given by {p, s 1 , s 2 , . . . , s Ms }, whereas the set of receivers is given by {pd, sd 1 , sd 2 , sd 3 , . . . , sd Ms }. Due to symmetry, δ sj ,sdj = δ ss , δ p,sdj = δ ps , δ sj ,pd = δ sp , and δ p,pd = δ pp . The thermal noise at any receiver is modeled as additive white Gaussian noise (AWGN) with zero mean and power spectral density N • Watts/Hz.
The medium access scheme can be summarized as follows:
• The PU accesses the channel at the beginning of the time slot if it has a packet at the head of its queue.
• The SUs sense the channel over the time interval [0, τ] to declare the state of the PU.
• If the PU is idle, each SU randomly accesses the channel with probability a 1 and transmit power level γ 1 Watts/Hz.
• If the PU is active, each SU randomly accesses the channel with probability a 2 and transmit power level γ 2 Watts/Hz.
• At the end of the time slot, each receiving node sends back a feedback signal to the respective transmitter to declare the state of the decodability of the transmitted packet. If the packet is decoded correctly, the respective receiver sends back an acknowledgement (ACK). If the packet is decoded erroneously, due to channel outages, the respective receiver sends back a negativeacknowledgement (NACK), and the packet will be retransmitted in the following time slots.
III. THROUGHPUT ANALYSIS Conventionally queue stability is considered as a fundamental performance metric in any communication system. Specifically, suppose Q (t) denotes the length of queue Q at the beginning of time slot t. Q is said to be stable if
, where I is a positive constant and Pr(·) represents the probability of the argument event. If the queues are characterized with strictly stationary arrival and departure processes, we can apply Loynes criterion to check the stability of each queue [8] . This theorem states that if the arrival process and the service process of a queue are strictly stationary, and the average service rate is greater than the average arrival rate of the queue, then the queue is stable.
Let X t p denote the number of arrivals to queue Q p in time slot t, and S t p denote the number of departures from queue Q p in time slot t. The queue length evolves according to the following form:
where (z) + = max(z, 0) denotes the maximum between z and 0. The queue size is measured at the beginning of the time slot, and departures occur before arrivals [8] .
Let μ s = μ j s denote the mean service rate of an SU, and μ p denote the mean service rate of the PU. The mean service rate of the j th SU is given by
where k + 1 is the number of active SUs in a certain time slot, i.e., k active SUs plus the j th user, P s (Success|k) is the probability of decoding the j th SU packet successfully given that k out of M s − 1 SUs are accessing the medium simultaneously with the j th SU while the PU is idle, and P s (Success|k + PU) is the probability of successful packet decoding of the j th SU when k SUs in addition to the PU are accessing the channel at the same time. Note that an outage of a link occurs when the instantaneous channel capacity exceeds the transmission rate.
In what follows, we characterize the different probabilities in equation (2) . The probability of the primary queue being empty is given by
where
A successful transmission for the PU occurs if the transmission rate used by the primary transmitter is less than or equal to the instantaneous channel capacity in a certain time slot, which occurs with probability P p (k) when only k SUs are active. The probability of successful packet decoding for the j th SU is given by
where κ sj ,sdj is the signal-to-interference-plus-noise ratio. Due to symmetry, the probability of successful packet reception of the j th SU under interference of a set K of SUs depends on the number of SUs only. Assume that the active set is denoted by A ⊆ {s 1 , s 2 , . . . , s Ms } with cardinality 0 ≤ K ≤ M s . Let r s = 2r s − 1. Hence, the probability of successful decoding of a packet at the i th SU's destination in case that the PU is active can be expressed as:
For simplicity, we define h θ,sdi = g θ , h i,sdi = g i , and h p,sdi = g p . The probability in (6) can be rewritten as:
If the PU is idle, we have
Similarly, the correct packet reception of the PU is given by
1+
δss rs γp δ ps γ 2 1 1+rs
Using the mathematical derivation given in the Appendix, the above probabilities are characterized as:
where e −δss
represents the probability of successful secondary packet decoding when one SU is solely accessing the channel while the PU is active. Since 1/(r s +1) is independent of θ, the probability in (10) is rewritten as
In a similar fashion, the successful probability of a primary transmission when K SUs are active is given by
Hence,
where e
represents the probability of primary packet correct decoding at the primary destination when the PU is solely accessing the channel. Using the above equations, we can rewrite the expression of the throughput of the i th SU as in Eqn. (15) at the top of this page.
IV. OPTIMIZATION PROBLEM
In this section, we present the optimization problem adopted in this paper. The SUs aim at maximizing their throughput given in (15) under stability constraint on the primary queue and average energy constraints on all users, i.e., PU and SUs. The optimization problem is stated as follows.
where E s and E p are the secondary and the primary average transmit energy, respectively, E th,s and E th,p are the maximum allowable average transmit energy for the secondary and the primary terminals, respectively. The values of E th,s and E th,p depend on the application. The average transmit energy by an SU is given by
The expression is explained as follows. If the PU is inactive, which occurs with probability (1 − λp μp ), each SU emits γ 1 W (T − τ ) energy units with probability a 1 , while if the PU is active, each SU emits γ 2 W (T − τ ) energy units with probability a 2 . Note that the access probabilities can be seen as the fraction of time slot where the SU uses either power level γ 1 or γ 2 .
Similarly, the average emitted energy by the PU is given by
This expression is explained as follows. When the PU's queue is non-empty, which occurs with probability λp μp , the PU emits γ p W T energy units.
It should be pointed out here that the energy constraint on the PU plays an important role in managing the average interference caused by the SUs on the PU. Specifically, if the average probability of successful decoding of the primary packets is decreased due to concurrent transmissions with the SUs, the probability of the primary queue being non-empty will increase which, in turn, increases the average transmit energy of the PU. Based on that, having such constraint will always ensure managing the access probabilities of the SUs such that the average emitted energy by the PU maintained bounded.
The optimization problem (16) is solved numerically using MatLab's toolbox [14] . Since the optimization problem is generally non-convex due to the non-convexity of the secondary mean service rate, μ s , the solver produces a local optimum solution. To enhance the quality and reliability of the solution and increase the likelihood of obtaining the global optimum, the optimization problem is solved many times, e.g., 1000 times, with different initializations of the decision variables. We note that since the access probabilities and power levels are obtained for a given average parameters of channels and arrival rates, as far as the average parameters are not changed, the complexity of obtaining the optimization parameters is not high. More specifically, once we solve the problem for the given parameters, the system can operate for a long time using the obtained optimal parameters. More investigation of the optimization problem is part of our ongoing research. When the optimization problem is solved, the optimal access probabilities and the power levels are then announced to all SUs.
V. NUMERICAL RESULTS
In this section, we present the results of our proposed scheme. We highlight our significant enhancement due to increasing the degrees of freedom of the optimized system. Table I represents the numerical values of the system's parameters.
In order to show the gain of our proposed scheme, we plot the maximum secondary throughput for different numbers of the SUs in Fig. 2 . It is shown that as the total number of SUs, M s , increases, the maximum secondary throughput for each SU decreases. This can also be conducted from equation (15) , since the fraction of the access probabilities a 1 and a 2 are inversely proportional to M s . Moreover, the transmission power levels, γ 1 and γ 2 , assigned to the SUs that are accessing the medium in a certain time slot are decreased in order to maintain an acceptable interference to the PU. For comparison purpose, we plot the case of conventional access scheme, where the SUs only access the channel with some probability when the PU is detected to be inactive. The power used by the SUs in case of conventional access scheme is provided in Table  I . Note that the SUs remain idle when the PU is sensed to be active; hence, the transmit powers and the access probabilities of SUs are zero. The gains of the proposed protocol in case of adaptive and fixed powers are notable.
In Fig. 3 , we illustrate the benefit we gain by increasing the system degrees of freedom by adding two additional optimization variables, γ 1 and γ 2 , rather than using a fixed power scheme (fixed power levels values are shown in table I). The figure is generated with the parameters in Table I and M s = 3. The figure shows that, when we optimize over the transmission power levels, we can increase the system throughput for certain PU load. The problem with the fixed power scheme is that, an SU may waste its opportunity to increase its transmission power when the PU can tolerate more interference due to the presence of a small number of active SUs. On the other hand, if the fixed power levels are high and greedy to gain as much throughput as possible, the SUs in this case will suffer higher outage probability and thereby causing a great loss to the transmitted packets, and hence, the advantage of our proposed scheme clearly appears. Fig. 4 , shows the effect of the SU average energy constraint, E th,s , for three cases E th,s = 0.1 joules, E th,s = 5 × 10
joules and E th,s = 10 −7 joules, to represent the loose, medium and strict constraints, respectively. It is clear that as the constraint becomes more strict, it reduces the maximum secondary throughput significantly. Adding an average energy constraint on the SUs reduces the feasible set of the four variables a 1 , a 2 , γ 1 and γ 2 over which the optimization is done; hence, decreasing E th,s (i.e, making the energy constraint more strict) causes a significant reduction in terms of the maximum SU throughput.
VI. CONCLUSION
In this paper, we have investigated a cognitive network scenario with multiple SUs trying to randomly access one frequency channel. One of the main issues behind this work is to address the energy efficiency of a cognitive setting. We have maximized the secondary throughput by using an adaptive power scheme while maintaining the average energy per user under a certain application-based threshold. As a fundamental point in the cognitive networks, guaranteeing the PU stability is also considered in the proposed scheme. One possible extension of this work is to consider that the secondary transmitters are capable of aiding the PU to deliver its packets through relaying. The possibility of having spacetime coding at the SUs while relaying the primary packet can be also utilized. Considering sensing errors is also a good extension.
APPENDIX
We provide here the details of the derivations of the probability of success P s (K + PU) used in equations (2) . Assume that the active set is denoted by A ⊆ {s 1 , s 2 , . . . , s Ms } with cardinality 0 ≤ K ≤ M s . The i th SU succeeds in its transmission when the PU is active with probability 
where e (·) is the exponential function, and the integral signs do not include the i th SU. Since the channel gains are i.i.d exponentially distributed random variables, which is the case when channels are Rayleigh fading, the above integration can be easily evaluated. After some mathematical manipulations, we get 
In a similar fashion, we can characterize the other successful transmission probabilities, i.e., P s (K) and P p (K).
